It is known that, when Ag is deposited on Si(111)-7×7 substrates in a conventional growth procedure at room temperature, no atomically flat Ag film could be obtained. We use scanning tunneling microscopy and low-energy electron diffraction to investigate the growth of ultra-thin Ag films on the Si(111) substrates at room temperature. Our study reveals that, upon introducing a Si(111)-√ 3× √ 3-Ga buffer layer, atomically flat Ag films can easily grow on Si(111) with a critical thickness of two monolayers. Moreover, Ag film growth follows a layer-by-layer mode with further deposition. This novel growth behavior of Ag can be explained in terms of a free electron model (i.e., particle in a box) and kinetic Monte Carlo simulations.
Growth of high-quality ultra-thin Ag film is of great interest from both scientific and technological viewpoints. First, ultra-thin metal films are model systems utilized to investigate quantum size effects (QSE). When the film thickness is comparable to the Fermi wavelength of an electron, quantized energy levels known as quantum well states are produced in the surface normal direction. High-quality metal films with uniform thickness can effectively suppress inhomogeneous broadening of the thickness-dependent quantum levels to manifest quantum size effects. [1] Secondly, Ag is the most widely used material for surface plasmonic devices, and high-quality Ag films have already shown the capability of supporting surface plasmon propagation for an extremely long distance. [2] Moreover, ultra-thin Ag films can act as an excellent substrate for integrating various nano and lowdimensional structures. For instance, silicene, which is a two-dimensional (2D) sheet composed of silicon similar to graphene, has recently attracted intense attention. [3−6] Ag(111) surface is widely recognized as the most important substrate suitable for the growth of silicene, while Ag films are much more cost-effective candidates for expensive single crystal Ag(111) substrates.
It is well known that there are two prototypical procedures growing Ag overlayers on semiconductor substrates. One is the so-called two-step growth (i.e., electronic growth) that involves Ag deposition at low temperature (LT) and subsequent annealing to room temperature (RT). [1,7−10] Via this growth technique, the epitaxy of Ag films with atomically flat and uniform thickness has been achieved over the critical film thickness (∼6 monolayers (ML) for Ag/Si(111) and 5 ML for Ag/GaAs(110)). However, for Ag coverages below this thickness window, the metal overlayers would be discontinuous with a great number of small pits extending down to the wetting layer. Furthermore, even for atomically flat Ag films with coverage above the thickness window, a gradual degradation of the film quality with the emergence of multilayer islands on top of the Ag film will occur with coverage. [10] Thus the two-step growth is far from an ideal approach to achieve atomically sharp Ag films at various coverages on Si(111) substrates. Tang et al. [11] reported a process of growing atomically flat Ag films with a critical thickness of 2 ML upon introducing a buffer layer of 1 ML Al(111)-1×1. It is the first time that atomically flat two-layer Ag films have been achieved on semiconductor substrates. Unfortunately, the growth process is too complicated for wide applications. The other growth method of Ag overlayers is the conventional one-step deposition. Due to stress effects, the epitaxy of Ag on Si(111) generally follows the StranskiKrastanov (SK) growth mode, where 3D islands grow after the formation of a Ag wetting layer. Experimentally, the RT growth of Ag on Si(111)-7×7 has been reported by several groups, [12−16] and no atomically flat Ag films could be obtained even above the critical thickness. As an example, Hiroyuki [1] presented a typical scanning tunneling microscope (STM) image of a 6.4-ML Ag film grown at RT, where the film surface was flat locally and each flat area was divided by grooves of the depth down to the wetting layer. Meanwhile, similar morphology was reported for Ag overlayers grown on GaAs(110) substrates at RT. [7] In this Letter, we present a novel growth procedure for Ag/Si(111) where no wetting layer is formed and atomically smooth Ag films with a critical thickness of 2 ML are achieved spontaneously with one-step growth. The key procedure is to grow a √ 3× √ 3-Ga buffer layer before the growth of Ag films. The √ 3× √ 3-Ga surface is semiconducting, each Ga adatom is bonded to three Si atoms of a bulk-terminated Si(111) to saturate all the Si dangling bonds. [17] Our experiments showed that the √ 3× √ 3-Ga layer remains intact at the interface during Ag deposition, and thus an atomically sharp interface is obtained between the (111)-oriented Ag film and the √ 3× √ 3-Ga surface. Ag film growth follows a layerby-layer mode over the critical thickness. Our results can be understood by a free electron model and kinetic Monte Carlo simulations.
All experiments were performed in an ultrahigh vacuum system (base pressure 5×10 −11 mbar) equipped with a variable temperature scanning tunneling microscopy and low-energy electron diffraction (LEED). Samples were cut from phosphors-doped Si wafers ( ≈2 Ω·cm). Clean Si(111)-7×7 surfaces were obtained by several flashes to 1500 K followed by slow cooling to RT. The Si(111)-√ 3× √ 3-Ga surface was prepared by depositing 0.19 ML (1 ML refers to the atomic density of the Ag(111) plane) Ga atoms onto the Si(111)-7×7 surface at RT and subsequent annealing at 800 K for 2 min. Ag was evaporated on the √ 3× √ 3-Ga substrate at RT with a flux of 0.25 ML/min. The as-grown samples were transferred to the analysis chamber for in situ STM and LEED measurements. Figures 1(a) and 1(b) show two typical STM topographic images of a Ag overlayer grown at RT with coverage of 0.125 ML and 0.9 ML, both of which consist of irregularly shaped islands with a flat-top feature on the surface. At both coverages, the clean √ 3× √ 3-Ga structure is clearly visible between the Ag islands. In the 0.125 ML sample, only one-layer Ag islands are observed, whereas at 0.9 ML, both one-layer and twolayer Ag islands are present. The measured heights of the one-layer and two-layer islands are ∼1.9 Å and ∼4.3 Å, respectively. It is notable that the one-layer Ag island consists of quasi 1D chains instead of a closepacked Ag(111)-1×1 structure. The one-layer islands are metastable, which may fully transform into twolayer islands by slight annealing at 370 K for a few minutes. [18] From the high resolution filled state STM image ( Fig. 2(a) ), the chains run along three highsymmetry directions of the Si(111) surface. The STM image of the one-layer island strongly depends on the bias voltage, the contrast of which is reversed when the polarity of the sample bias changes. For instance, as indicated by arrows, the chains in Fig. 2(a) are replaced by dark grooves in Fig. 2(b) . The significant bias-dependence implies that the one-layer island is not metallic. However, the atomic structure of onelayer islands is still not clear so far. A close-up topography of a two-layer island ( Fig. 3(a) ) reveals a hexagonal Moiré pattern, which is invisible at negative bias ( Fig. 3(b) ). The bias dependence of the Moiré pattern was studied in the range from −2.25 V to +3 V in our experiments. Its amplitude was only measurable at positive bias and showed a fixed periodicity of 1.16 nm, indicating that its origin must be partially due to electronic effects, i.e., the projection of the interface structure to the surface by the 'standing waves' normal to the film. [19] The registry of the Moiré pattern with respect to the √ 3× √ 3-Ga substrate can be revealed from fast Fourier transformation (FFT). As shown in Fig. 3(e) , two sets of hexagonal spots can be distinguished. The outer set of spots corresponds to the reciprocal lattice of the √ 3× √ 3-Ga substrate with a periodicity of 6.64 Å. The inner set of spots originating from the Moiré pattern shows a rotation of 30 ∘ relative to the √ 3× √ 3-Ga substrate, with a periodicity of 1.16 nm, about four times that of Ag(111)-1×1. Such a Moiré pattern can be created if the Ag(111)-1×1 lattice lies directly on top of the √ 3× √ 3-Ga lattice and parallel to the Si(111)-1×1 lattice, as presented in Fig. 3(f) . Therefore, we can draw the conclusion that the two-layer island is of the Ag(111) bulk structure. The (111) orientation of two-layer islands was also confirmed by LEED. Figure 3(c) shows the LEED pattern of a sample covered by two-layer islands, where Si(111)-1×1, √ 3× √ 3-Ga, and Ag(111)-1×1 spots are simultaneously exhibited. In our experiments, we measured the height of twolayer islands as a function of different tunneling voltages in the range from −2.25 to +3 V. The measured values show a strong dependence on bias voltages. In 128102-2 general, the height measured at negative bias voltage is larger than that at positive bias voltage; the larger the tunneling voltage is, the smaller the measured value is. The +3 V value 3.5 Å is the lowest measured value (AA' in Fig. 3(d) ), while the −2.25 V value 5.2 Å is the highest one (BB' in Fig. 3(d) ). Obviously, the height variation of two-layer islands should be attributed to the effect of electronic states. Fig. 4(a) ), one-layer islands dominate the sample surface and few two-layer islands can be seen. When the coverage increases to 0.9 ML (Fig. 4(b) ), most islands become two-layer islands. No island of more than two-layers in height is found in our experiments. The two-layer islands follow a 2D growth behavior with coverage, growing in size instead of in thickness, and eventually coalesce into an atomic-scale flat 2 ML Ag film, which shows perfect thickness uniformity over the whole area of the film (Fig. 4(c) ). Therefore, we successfully grew atomically flat Ag films by one-step growth with a buffer layer. Compared with the two-step growth where the critical thickness is 6 ML, our method reduces the critical thickness of epitaxial Ag film to 2 ML. Further deposition up to 15 ML results in Ag films with excellent atomic flatness and very few defects (i.e., pinhole and pit) as reported in the literature. [1, 10, 15] Furthermore, the Ag film morphology shows slight degradation with coverage, which is different from that grown by the two-step process.
Furthermore, in our case, the Si(111)-√ 3× √ 3-Ga structure is intact during Ag deposition. As confirmed by annealing a thick Ag film (5 nm) on Si(111)-√ 3× √ 3-Ga, the film broke into disconnected Ag islands, where the √ 3× √ 3-Ga structure was exposed once again. It is noteworthy that, according to the extensive studies of Ag growth on semiconductor substrates in the past decades, [12] [13] [14] [15] 20] disordered wetting layers are always formed in the initial growth stage, resulting in disordered, poorly defined interfaces. The absence of a wetting layer is of great importance. For instance, ultra-thin metal films are commonly utilized for studies of QSE, while disordered wetting layers would bring diffusive reflection of conduction electrons to weaken QSE. Comparing our present work with the well-studied Ag growth on Si(111) 7×7 at LT and RT, a puzzling question follows: why does the growth of Ag become dramatically different on Si(111)- To answer this question, let us briefly review the 'electronic growth' theory, which was proposed to explain how QSE can influence the stability of metal thin films on a supporting substrate by Zhang et al. [8] They considered two competing factors that contribute to the electron total energy of a metal film, i.e., the quantum confinement effect and the charge spilling effect, identifying a critical thickness of 5 ML for Ag film. To interpret the critical thickness of 2 ML achieved in the two-step process, Tang et al. suggested an enhancement of the charge spillage mediated by a monolayer Al buffer layer. [11] However, in our situation, the Si(111)-√ 3× √ 3-Ga structure is semiconducting, which cannot result in an extra charge transfer to the Si substrate similar to the Al layer. Therefore, the novel growth behavior reported here cannot be well counted for in terms of the 'electronic growth' theory. A possible cause is that the theory treats the interface barrier as an infinite hard wall, which is too crude to capture the nature of ultra-thin metal films less than 5 ML. For a very thin film, its interface is a larger part of the film than that of a thick film. As a result, 128102-3 the stability of a very thin film shows much stronger dependence on the height of interface energy barriers.
More recently, Wu et al. presented a free electron model (i.e., particle in a box) for the stability of metallic thin films, where the interfaces were treated as finite energy barriers. [21] According to their theory, with the symmetric square well, the interface energy for freestanding Ag films was of almost identical value at different monolayers, and the second difference 2 for layer numbers larger than two was approximately equal to zero, i.e., the freestanding 3 ML Ag film is favored energetically. Although this model is still crude to some extent, it is quite successful in explaining our experiments. As the substrate structure is completely ignored in this model, we suggest that an improved model of 'particle in a corrugated box', [22] where a lattice potential is added along the direction perpendicular to the film, can capture the nature of the very thin film better. In reality, the lattice structure and roughness of substrate are of great importance for the quality of ultra-thin metal film. In the Ag/Si(111)-√ 3× √ 3-Ga system, both Ag(111) and √ 3× √ 3-Ga have a hexagonal lattice with the lattice constants Ag = 2.89 Å and √ 3−Ga = 6.65 Å, respectively. A 4 × 4 unit cell of Ag(111)-1×1 will nicely overlap with a √ 3 × √ 3 unit cell of √ 3× √ 3-Ga (as pointed by a diamond in Fig. 3(f) ). Consequently, one may expect an epitaxial growth of Ag(111) on √ 3× √ 3-Ga with negligible interfacial strain. Moreover, in contrast with a disordered wetting layer, the √ 3× √ 3-Ga is an atomically sharp surface with a longrange order, where the diffusion barrier of the Ag atom is effectively reduced to enable the 2D growth of twolayer islands.
A qualitative analysis of the overlayer morphologies shown in Figs. 4(a)-4(c) results in the following picture. In the initial growth stage, one-layer islands are formed on √ 3 × √ 3-Ga, which follow a 2D growth mode. When the one-layer island reaches a certain size, its lateral growth behavior is restrained by a 3D growth driving force, leading to the growth upward into a two-layer island. Right after the formation of two-layer islands, the 3D growth is then suppressed by the 2D growth mediated by one-layer islands. Therefore, a 2D-3D-2D growth transition occurs before the formation of a complete two-layer Ag film.
This novel growth behavior can be explained in accordance with the kinetic Monte Carlo (KMC) simulation by Li et al., [23] which has been proposed recently to study the mechanisms of 3D to 2D morphological transition in the heteroepitaxial growth of metal films. Considering the chemical energy between adatom and adatom is different from that between adatom and subatom (substrate atom) in the heteroepitaxial system, Li et al. defined a physical parameter , which is a ratio of interactions between the adatom-subatom and the adatom-adatom, to regress to the real chemical energies. According to the KMC simulation, when the ratio goes beyond a critical value, the growth of metal films follows a 2D mode; conversely, the growth corresponds to a 3D mode with the ratio less than the critical value. In the Ag/Si(111)-√ 3 × √ 3-Ga system, it is worth noting that the growth of Ag will change from a 2D mode to a 3D mode when the one-layer islands reach a certain size. Thus it is appropriate to assume the ratio to be exactly the critical one in our situation. In addition, Li et al. simulated the transforming process of metal film growth from 3D-cluster morphology to 2D-island morphology with a ratio of 0.2, and they found that the 3D-to-2D transition occurs at the second layer. This is consistent with our experiments for Ag film growth.
In conclusion, based on the Si(111) substrate modified by √ 3× √ 3-Ga, we are successful in reducing the critical thickness of epitaxial Ag film to 2 ML at RT. The further growth behavior of Ag follows a layerby-layer growth mode, dramatically different from the commonly known SK growth. The grown Ag films show an excellent atomic flatness over the whole area of the film. At the same time, the disordered wetting layer is removed, resulting in an atomically sharp interface between the Ag film and the substrate. The great improvement in film quality makes it possible to measure the novel quantum phenomena associated with QSE. The method we proposed in this work for growing high-quality Ag films could be useful in Agbased plasmonic devices, as well as a replacement of single crystal Ag substrates for growing various 2D materials, such as silicene.
